Purpose: Pressure support is often used for extubation readiness testing, to overcome perceived imposed work of breathing from endotracheal tubes. We sought to determine whether effort of breathing on continuous positive airway pressure (CPAP) of 5 cmH 2 O is higher than post-extubation effort, and if this is confounded by endotracheal tube size or post-extubation noninvasive respiratory support. Excluding 107 patients with post-extubation UAO (where pressure rate product after extubation is expected to be higher), pressure support still underestimated post-extubation effort by 126-147 %, and CPAP underestimated post-extubation effort by 17-25 %. For all endotracheal tube subgroups, ≤3.5 mmID (n = 152), 4-4.5 mmID (n = 102), and ≥5.0 mmID (n = 48), pressure rate product on pressure support was lower than CPAP and post-extubation (all p < 0.0001), while CPAP pressure rate product was not different from post-extubation (all p < 0.05). These findings were similar for patients extubated to noninvasive respiratory support, where pressure rate product on pressure support before extubation was significantly lower than pressure rate product post-extubation on noninvasive respiratory support (p < 0.0001, n = 81).
Introduction
Critical care practitioners commonly add pressure support during extubation readiness tests to overcome perceived imposed resistance of the endotracheal tube [1] [2] [3] . A recent survey of pediatric critical care practitioners identified that 94 % use pressure support when performing extubation readiness tests [4] . There is a reluctance to wean patients to continuous positive airway pressure (CPAP) alone (without pressure support), or to T-piece ventilation, on the basis of the hypothesis that patients work harder to breathe on CPAP than they will extubated because of small endotracheal tube diameters (smaller than the trachea) and imposed resistance from ventilator circuits [2] . This perception is amplified because the internal diameter of the endotracheal tubes is often reduced by secretions or biofilm, thereby further increasing airway resistance [5] [6] [7] .
However, resistance through a tube depends on flow [8] . Previous in vitro work has demonstrated that resistance of the smallest endotracheal tubes is higher when matched for flow (i.e., 15 L/min through a 3.5-mmID tube has higher resistance than 15 L/min through a 6.0-mmID tube), but children with 3.5-mmID endotracheal tubes generally breathe at lower flow rates than those who have 6.0-mmID endotracheal tubes [9] . Several studies demonstrate that pressure support or automatic endotracheal tube compensation overcomes imposed resistance from the endotracheal tube or ventilator circuits [3, 5, [11] [12] [13] [14] . However, these studies do not factor in the resistance of the natural airway and have not routinely measured the difference between effort of breathing before and after extubation. There are limited controlled data in adults demonstrating that extubation readiness tests using automatic tube compensation or pressure support result in higher rates of successful extubation compared to CPAP or T-piece [15] [16] [17] , and no pediatric data. The increasing use of noninvasive respiratory support after extubation complicates this picture, as it is unclear if using noninvasive respiratory support after extubation leads to patients to being extubated from higher pressure support because of a belief that the noninvasive support can further lower effort of breathing after extubation.
While we have previously demonstrated that pressure support underestimates post-extubation effort, our findings were limited by small sample size [18] . We hypothesized that effort of breathing on CPAP of 5 cmH 2 O was not higher than post-extubation and that using pressure support prior to extubation would significantly underestimate post-extubation effort. We tested this hypothesis by comparing effort of breathing for children before extubation on pressure support/CPAP and CPAP alone to effort of breathing post-extubation. We, a priori, sought to control for post-extubation upper airway obstruction (UAO) and stratify by size of endotracheal tube and use of noninvasive respiratory support after extubation. Some of these findings have been published in abstract form [19] .
Methods
We screened intubated children in the pediatric or cardiothoracic intensive care units at the Children's Hospital Los Angeles from July 2012 to April 2015. Inclusion criteria were greater than 37 weeks gestational age to 18 years, intubated for at least 12 h with extubation from 7 am to 5 pm Monday-Friday. Exclusion criteria were contraindication to esophageal catheter or respiratory inductance plethysmography bands. Informed consent was obtained, with approval from the institutional review board, and the study was performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki and its later amendments. This was a planned secondary analysis to a study on post-extubation UAO containing further details about methods [20] . Pressure support recordings were added to the UAO study protocol to test this hypothesis.
Study protocol
Prior to extubation, each child received an esophageal balloon catheter and had respiratory inductance plethysmography bands calibrated under tidal breathing on CPAP of 5 cmH 2 O [21, 22] . A self-calibrating pneumotachometer was used prior to extubation to measure peak inspiratory flow during tidal breathing.
When the clinical team determined that the patient was ready for extubation, data were recorded under four conditions in the following order: pressure support 10/PEEP 5 cmH 2 O, CPAP 5 cmH 2 O (CPAP), and spontaneous breathing, 5 min and 60 min after extubation. Pressure support and CPAP measurements were within 20 min of extubation. During pressure support, the research respiratory therapist screened for autotriggering and missed triggers by comparing esophageal manometer tracings with spirometry and when necessary adjusted trigger sensitivity. Effort of breathing was allowed to stabilize for up to 5 min on a given condition, at which point we recorded data during 5 min of steady state breathing and calculated the median pressure rate product = peak-to-trough change in esophageal pressure (cmH 2 O) × respiratory rate (breaths per minute) over the entire 5 min, after removing artifacts. Pressure rate product is a surrogate for effort of breathing [23] [24] [25] [26] , and unlike work of breathing (calculated from the pressure-volume curve) pressure rate product does not need to be subdivided into patient versus ventilator effort. All of the pressure rate product is attributable to the patient, making it appropriate for comparing patient effort on and off mechanical ventilation. While pressure time product can also be used, pressure rate product is easier to calculate and in our experience more robust against artifacts, particularly in young children.
If the patient was initiated on noninvasive respiratory support within 60 min of extubation (high flow humidified nasal cannula, nasal intermittent mandatory ventilation, CPAP, or bi-level positive airway pressure), additional measurements were obtained 15-20 min after noninvasive respiratory support initiation. One of two ventilators was used for pressure support and CPAP: SERVO-I ® (MAQUET) and AVEA ® (Carefusion). Automatic endotracheal tube compensation is available on the AVEA ® , but was off during measurements. UAO (either subglottic or supraglottic) was labeled as present after extubation when there was inspiratory flow limitation on the plot of flow from calibrated respiratory inductance plethysmography and esophageal pressure, as previously described [20] . Average peak inspiratory flow (L/min) was measured from spirometry during 2-3 min of steady state breathing on CPAP of 5 cmH 2 O. Peak inspiratory resistance (cmH 2 O/L/s) was calculated using the patient's endotracheal tube size and measured peak inspiratory flow, using formulae derived from in vitro studies [9] .
Analysis
We hypothesized that effort of breathing on CPAP of 5 cmH 2 O was not higher than post-extubation effort and attempting to "overcome endotracheal tube resistance" with pressure support would underestimate postextubation effort of breathing. Secondary objectives were to determine whether this relationship was confounded by size of endotracheal tube or post-extubation noninvasive respiratory support. For all subgroups, we excluded patients with post-extubation UAO because post-extubation pressure rate product is expected to be significantly higher than pre-extubation pressure rate product for patients with UAO, and including these patients may bias results in favor of our hypothesis. Three ranges of endotracheal tube sizes were used for subgroup analysis (≤3.5 mmID, 4.0-4.5 mmID, and ≥5.0 mmID), ensuring sufficient patients per group for analysis. Separate subgroup analysis was performed for patients on noninvasive respiratory support within 1 h of extubation, comparing their pre-extubation pressure rate product with pressure rate product 15-20 min after noninvasive respiratory support initiation. Descriptive statistics are reported using median (interquartile range) or number (percent) as well as box and whisker plots. Pressure rate product was log transformed for repeated measures analysis of variance (ANOVA) with Scheffe's test for post hoc multiple comparisons. Statistical analysis was performed in Statistica 10 (Dell, Tulsa, Oklahoma) and Stata 10 (StataCorp, College Station, Texas). Overall sample size was determined by the UAO study. However, a priori power analysis demonstrated that we could detect a 25 % difference in pressure rate product, which we considered clinically significant, with an alpha of 0.05, a power goal of 80 %, with a minimum sample size of 45 patients (in any subgroup).
Results
A total of 1159 patients were eligible and 409 were included, with a median age of 5 months (IQR 1, 16) and 58 % male. The most common reasons eligible patients were not enrolled were (a) parents unavailable for consent and (b) extubation when the study team was unavailable (night or weekend). Demographics and reasons for non-enrollment have been previously published [20] . Approximately half were intubated for cardiac surgery. Median length of mechanical ventilation was 4.1 days (IQR 1.4, 8.0 days). Thirty-four patients were reintubated (8.3 %), and 107 (26 %) had post-extubation UAO (subglottic or supraglottic) within 1 h of extubation. One hundred and seven (26 %) children were on noninvasive respiratory support within 1 h of extubation (mostly high flow nasal cannula) ( Table 1) .
Resistance as a function of flow and endotracheal tube size
For the entire cohort, 209 (51 %) had an endotracheal tube ≤3.5 mmID, 143 (35 %) had a tube of 4.0 or 4.5 mmID, and 57 (14 %) had a tube of ≥5.0 mmID (Table 1) . Peak inspiratory flow increased as endotracheal tube size increased (Fig. 1) . While peak inspiratory resistance was higher for smaller endotracheal tubes, median peak inspiratory resistance was lower in intubated children compared to expected values while extubated, even with a 3.0-mmID endotracheal tube on CPAP of 5 cmH 2 O [27] [28] [29] [30] (Fig. 1) . The flow rates used by most infants and children while intubated are in a range in which significant increases in resistance are not expected (Fig. 2) .
Effort of breathing before and after extubation
For the entire cohort (n = 409), median pressure rate product was 100 (IQR 60, 175) on pressure support 10/5 cmH 2 O, 200 (IQR 120, 300) on CPAP of 5 cmH 2 O, 300 (IQR 150, 500) 5 min after extubation, and 255 (IQR 175, 400) 60 min after extubation (Fig. 3) . Pressure support pressure rate product was lower than CPAP and post-extubation pressure rate product (multiple comparisons p < 0.0001), and CPAP pressure rate product was lower than post-extubation pressure rate product (multiple comparisons p < 0.0001). Restricting the analysis to patients without post-extubation UAO (n = 302), there were similar trends (Fig. 4) . Again, pressure support pressure rate product was lower than CPAP and postextubation pressure rate product (multiple comparisons p < 0.0001), and CPAP pressure rate product was lower than post-extubation pressure rate product (multiple comparisons p < 0.02).
Excluding patients with UAO, 5 min after extubation an individual patient's pressure rate product was a median 25 % (IQR −5, 72 %) higher than CPAP values and a median 147 % (67, 267 %) higher than pressure support values. By 60 min after extubation, an individual patient's pressure rate product remained a median 17 % (−20, 60 %) higher than CPAP values and a median 126 % (40, 233 %) higher than pressure support values.
Subgroup analysis: endotracheal tube size and noninvasive respiratory support
When children without UAO were subgrouped by endotracheal tube size, patterns were similar for endotracheal tube size groupings of ≤3.5 mmID (n = 152, Fig. 5a ), 4-4.5 mmID (n = 102, Fig. 5b) , and ≥5.0 mmID (n = 48, Fig. 5c ). Regardless of endotracheal tube size subgroup, pressure support pressure rate product was less than CPAP and post-extubation pressure rate product (all multiple comparisons p < 0.01), while within each endotracheal tube subgroup, CPAP pressure rate product was similar to post-extubation pressure rate product (all multiple comparisons p > 0.05).
When we examined the cohort of 107 children on noninvasive respiratory support within 1 h of extubation, 26 had post-extubation UAO. In the remaining 81 patients (2 bi-level positive airway pressure, 74 high flow humidified nasal cannula, 5 nasal intermittent mandatory ventilation), the median pressure rate product on pressure support prior to extubation [135 (IQR 90, 220)] was significantly lower than the pressure rate product on either CPAP prior to extubation [270 (200, 400)] or postextubation on noninvasive respiratory support [320 (220, 
Discussion
We have demonstrated that pressure support during extubation readiness tests significantly underestimates post-extubation effort of breathing, regardless of endotracheal tube size or use of noninvasive respiratory support (mostly high flow nasal cannula) after extubation. Effort of breathing on CPAP of 5 cmH 2 O may still underestimate post-extubation effort, although on average it is 15-25 % lower than post-extubation and appears similar to effort of breathing on noninvasive respiratory support after extubation. In other words, if patient effort of breathing is high on CPAP 5 cmH 2 O prior to extubation, they are unlikely to do well after extubation, even with noninvasive respiratory support. While inspiratory resistance increases as endotracheal tube size decreases, prior to extubation children are breathing with flow rates where predicted inspiratory resistance is actually below extubated values [27] [28] [29] [30] . Therefore, we have found no evidence to support adding pressure support to "reduce imposed work of breathing" during extubation readiness tests in children, regardless of the endotracheal tube size. It is not like breathing through a straw. Extubation failure rates are generally low in children, on average 8 % [31] , with nearly half from post-extubation UAO [20, 21, 31] , which may be difficult to predict during extubation readiness tests [32] [33] [34] . With less than 5 % of patients failing extubation from causes other than UAO, it is difficult to demonstrate that one mode of extubation readiness test results in lower reintubation rates. This low extubation failure rate has perhaps lulled pediatric practitioners into a sense of security about using pressure support. If less than 5 % of patients fail extubation when pressure support is used, why should we mandate extubation readiness tests be done on CPAP?
Perhaps our extubation failure rates are too low. This is supported by the greater than 50 % success rate of unplanned extubations in pediatrics [31] ; this highlights that many patients can be extubated well before we recognize they are ready. Routine daily spontaneous breathing trials have been advocated, but less than 25 % of pediatric practitioners use them [4] . Perhaps patients can be successfully extubated sooner [2, 35] if we routinely perform spontaneous breathing trials earlier in the mechanical ventilation course [8] . Once we start doing this, on the basis of the physiologic data presented in this paper, it is possible we would have higher extubation failure rates if effort of breathing on pressure support is used during extubation readiness tests. Detecting differences in clinical outcomes such as extubation failure between extubation readiness tests on CPAP versus pressure support would only be feasible if done earlier in the mechanical ventilation course.
From our data, we believe that CPAP of 5 cmH 2 O alone is sufficient for extubation readiness tests in most children. Our standard practice is a 2-h extubation readiness test on CPAP of 5 cmH 2 O. While our previous work did not find major differences in effort of breathing between CPAP and T-piece [18] , some patients may warrant further reductions to T-piece ventilation (although this may not be advisable in young patients who have active control of end-expiratory lung volume) or warrant longer extubation readiness tests (>2 h), such as those with neuromuscular disease. In addition, some patients warrant CPAP of greater than 5 cmH 2 O during extubation readiness tests, such as children with obesity. When extubated, these children may use other mechanisms to maintain normal transpulmonary pressures at end exhalation, and weaning to CPAP of 5 cmH 2 O may result in more alveolar collapse then they would have extubated. Ultimately, the duration of the extubation readiness test and level of end expiratory pressure (CPAP or T-piece) should be determined by an experienced provider mindful of the expected pathophysiology of the patient. However, we believe our data support that pressure support should not be added to this end expiratory pressure to overcome imposed work of breathing, even when extubation is planned to high flow nasal cannula, as CPAP prior to extubation still best estimates post-extubation effort. Because of the limited number of patients on noninvasive CPAP or bi-level positive pressure post-extubation, it is unclear if the same holds when extubating to these modes of noninvasive positive pressure.
Our data also highlight that even on the lowest level of ventilator support to which most patients are weaned (pressure support), effort of breathing is well below normal levels when extubated, corroborating previous investigations [36] . As such, we may be providing too much ventilator support for our patients, which contributes to ventilator-induced diaphragm dysfunction [37] , further impairs ventilator weaning, and leads to failed extubation [38, 39] .
There are several limitations to our study. First, it is single institution, although we believe generalizability is high given this is a physiologic study. Second, we obtained a convenience sample because we did not study patients on nights or weekends, or patients who did not consent. This may introduce a selection bias. Moreover, these patients were intubated for many reasons (cardiac surgery, pulmonary disease, etc.) and independent of work of breathing, extubation readiness tests may use different criteria based on patient factors. Third, we excluded patients with post-extubation UAO using an "objective" UAO parameter we have previously reported, but there still may be some imprecision in labelling patients with UAO. Fourth, we had only three patients with 2.5-mmID endotracheal tubes, precluding subgroup analysis. Our findings may not generalize to children with 2.5-mmID endotracheal tubes. Fifth, because of institutional practice, noninvasive respiratory support was mostly high flow nasal cannula, and the results may differ with mask CPAP or bi-level positive pressure. Sixth, our illustrative calculations of airway resistance were based on measured patient flow with bench models of endotracheal tubes to determine resistance. Actual resistance in vivo could be lower because of less heat loss when connected to the patient versus exposed to atmosphere or higher if the internal diameter of the endotracheal tube is reduced from secretions or biofilm. Unfortunately we did not measure resistance as part of the study, and it is difficult to attribute measured resistances in vivo to just the upper airway. To that end, there are few published norms for upper airway resistance in spontaneously breathing infants and children, and there are differences between peak resistance (used in our study) and mean resistance. This makes precise definitions of normal values of upper airway resistance complicated [27, 28, 30] . Nevertheless, this will not influence the effort of breathing results. Seventh, the order of pressure support and CPAP was not = 102) , and c ≥5.0 mmID (n = 48). Regardless of endotracheal tube subgrouping, pressure rate product on pressure support was less than CPAP (log transformed pressure rate product, ANOVA p < 0.0001, multiple comparisons all p < 0.01). CPAP pressure rate product was similar to post-extubation pressure rate product (p > 0. 05) randomized. Finally, this study did not examine reintubation or extubation failure because of the relatively few cases of reintubation from causes other than UAO.
In conclusion, pressure support should not be added to CPAP to overcome "imposed work of breathing" from the endotracheal tube during spontaneous breathing trials or extubation readiness tests in children. Regardless of the size of the endotracheal tube, the use of pressure support significantly underestimates post-extubation effort of breathing (125-150 % underestimation).
